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Abstract
This paper proposes a method for the detection and assessment of the degradation of the photovoltaic 
modules electrical characteristics such as short-circuit current (Isc), open-circuit voltage (Voc) and maximum output
power (Pmax). This work presents a standardization method for measurements of these characteristics in real 
conditions. Standardization is bringing back the measurements in real conditions to the corresponding values in
standard test conditions (STC). Thus the standardized values of short-circuit current (Isc,stc), the open-circuit voltage
(Voc,stc) and the maximum output power (Pmax) are compared with reference values corresponding to the first putting 
service of module or the manufacturer's data as in our case. The data collected on a platform of measurements
installed at the University of Dakar in Senegal are used to validate our approach. A Period of one operation year fo  
the PV module is considered. After one year of module operation, we note an average degradation of 10% for the
short-circuit current, 2% for the open-circuit voltage. For the maximum output-power no degradation is yet detected
at this stage.
© 2013 The Authors. Published by Elsevier Ltd.
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Nomenclature
G Measured irradiation (W.m-2)
Tamb  Ambient temperature (°C)
TNOCT Nominal operating cell temperature (°C)
Tref Standard reference temperature (°C)
a, b, γ Constant parameters for PV module
_______________
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ߙ              Current temperature coefficient (+ 22 μA/cm². °K) 
ߚ              Voltage temperature coefficient (-2.2 mV /°K) 
K              Curvature coefficient (2 mW / ° K) 
N             Cells number of PV module 
Tmod         Module temperature (°C) 
Iscm           Measured short-circuit current (A) 
Vocm          Measured open-circuit voltage (V) 
Isc,stc         Standardized short-circuit current (A) 
Voc,stc        Standardized open-circuit voltage (V) 
Isci            Initial short-circuit current in STC (A) 
Voci           Initial open-circuit voltage in STC (V) 
ΔIsc          Short-circuit current degradation (%) 
ΔVoc        Open-circuit voltage degradation (%) 
S              PV cell surface (cm2) 
Rs             Series resistance of PV module (Ω)   
FF            Fill Factor 
1. Introduction 
      Energy remains a key element for the social economic development of a society. It becomes more 
problematic with soaring oil prices on the one hand and the environmental consequences of using fossil 
fuels on the other hand. Today different forms of renewable energies in various technologies offer greater 
enough flexibility and reliability to reduce the energy deficit caused by the increased demand. 
Photovoltaic energy now occupies an important position in the renewable energy market. Indeed solar 
energy is used for industry, communities as well as individuals needs. Over the past decade, the 
photovoltaic (PV) market has experienced unprecedented growth. In particular in the last year, the 
photovoltaic market has reached a cumulative installed capacity of about 40 GW world-wide, with an 
annual added capacity of 16.6 GW [1]. When the energy need for an individual or an industrialist is 
reasonable, a PV system can be effective provided that the installation is optimized and maintained. For 
this, it is important to understand the reliability and lifetime of such systems. Investors more and more 
demand clear answers on the reliability and especially the life of solar systems for the analysis of their 
technical and financial facilities. Monitoring the degradation of a PV system is just as important as a high 
degradation rate translates directly into a loss of power output and hence a reduction in the return on 
investment [2]. The lack of precise information on the rate of degradation increases the financial risk [3]. 
Reliability and photovoltaic system lifetime depend mainly on the energy performance of modules and 
their different modes of degradation. Information on the degradation of modules have been available 
since the early 1970s [4]. According to the literature, results from experimental trials are given. Different 
techniques and testing methods are used. These results obtained for most laboratory tests are not always 
accurate and consistent on the degradation rates of PV modules announced. In 2002, the National 
Renewable Energy Laboratory (NREL) estimated that the annual performance degradation of 
monocrystalline and polycrystalline modules is 0.7% [5]. The LEEE-TISO (Laboratory of Energy, 
Ecology and Economy Solar-Ticino) test center of photovoltaic modules in Switzerland, stated that the 
degradation rate of the power of crystalline silicon PV modules could go from 0.7% to 9.8% during the 
first year of exposure and 0.7% to 4.9% during the second year of exposure [6]. Jordan [7] states that in 
the 2000s, measured degradation rate on individual modules and whole PV systems were 5% on average. 
However, there is little information on the degradation modes of PV modules in terms of frequency, 
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progress rate and degree of impact on the life and reliability of the module. Research on photovoltaic 
modules is rather focused on the race to develop new technologies without sufficient return on those 
experiences that are already operational [8-9]. 
Thus, it is important to develop systems to monitor the electrical characteristics of PV modules in the 
long term. Moreover, it is also important to develop methods to investigate the degradation of 
photovoltaic modules. In this work, the electrical characteristics targeted for module degradation 
assessment are short-circuit current (Isc), open-circuit voltage (Voc) and maximum output-power. Indeed, 
the PV module performance is expressed by its maximum output-power (Pmax) which depends strongly on 
its short-circuit current (Isc) and open-circuit voltage (Voc). This paper presents the models of the main 
electrical characteristics for estimating the module performance. The measurement standardization 
method and the assessment method of the degradation of short-circuit current, open-circuit voltage and 
maximum output-power are presented. Finally, experimental results using data from the photovoltaic 
platform installed one year ago at the site of Dakar University are presented. 
 
2. Model of the electrical characteristics 
   The four most important electrical characteristics of a PV module are the short-circuit current Isc, 
open-circuit voltage Voc, the fill factor FF and the maximum power output Pmax as functions of the solar 
irradiance intensity and the PV-module temperature. They are modeled as follows. 
2.1. Short-circuit current Isc 
At normal levels of solar irradiance, the short-circuit current can be considered equivalent to the 
photocurrent Iph, i.e. proportional to the solar irradiance G (W/m2). But this may result in some deviation 
from the experimental result, so a power law having exponent a is introduced in this paper to account for 
the non-linear effect that the photocurrent depends on. The short-circuit current Isc of the PV modules is 
not strongly temperature dependent. It tends to increase slightly with increase of the module temperature. 
For the purposes of PV module performance, modeling this variation can be considered negligible. Then, 
the short-circuit current Isc can be simply calculated by: 
 
ܫ௦௖ ൌ ܫ௦௖଴ ቀ ீீబቁ
௔                                                                                                                                         (1)  
 
Where Isc0 is the short-circuit current of the PV module under the standard solar irradiance G0; while Isc is 
the short-circuit current of the PV module under the solar irradiance G; a is the exponent responsible for 
all the non-linear effects that the photocurrent depends on. 
2.2. Open-circuit voltage Voc 
The relationship of the open-circuit voltage to irradiance is known to follow a logarithmic function 
based on an ideal diode equation, and the effect of temperature is due to the exponential increase in the 
saturation current with an increase in temperature [10]. This conclusion causes some difficulties in 
replicating the observed behaviours of the tested PV modules. Additional terms or some amendatory 
parameters must be introduced to account for the shunt resistance, series resistance and the non-ideality of 
the diode. Based on the model given by Van Dyk [11] and then take into account the effect of 
temperature, the open-circuit voltage Voc at any given conditions can be expressed by: 
 
௢ܸ௖ ൌ ௏೚೎బଵା௕ ௟௡ಸబಸ
ቀ బ்் ቁ
ఊ
                                                                                                                                     (2)  
 
Where Voc and Voc0 are the open-circuit voltage of the PV module under the normal solar irradiance G and 
the standard solar irradiance G0; b is a PV module technology specific related dimensionless coefficient 
[11]; and γ is the exponent considering all the non-linear temperature–voltage effects. 
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2.3. Maximum power-output Pmax 
The photovoltaic module performance is highly affected by the solar irradiance and the PV module 
temperature. In this paper, we consider a simplified model maximum power-output of PV module to 
estimate its performance [12]. It is given by Eq.3. 
௠ܲ௔௫ ൌ ௢ܸ௖Ǥ ܫ௦௖Ǥ ܨܨ                                                                                                                                      (3) 
Where: Isc and Voc are the short-circuit current and open-circuit voltage of solar photovoltaic module [13], 
FF (dimensionless) is the fill factor. It is the ratio between the nominal and maximum power standard 
[14].  
2.4. PV module Temperature  
The photovoltaic module temperature Tmod (°K) depends on the ambient temperature Tamb (°K) and 
the solar irradiance G (W/m2) [15]. It can be expressed as: 
௠ܶ௢ௗ ൌ ௔ܶ௠௕ ൅ ீ଼଴଴ ሺ ேܶை஼் െ ʹͲሻ                                                                                                               (4)  
Where, TNOCT is nominal operating cell temperature obtained with 800 W.m-2 of radiation, ambient 
temperature of 20°C, 1m.s-1 of wind speed and a tilt of photovoltaic modules at 45°C, according to IEC 
61215 [16]. 
Irradiance G and ambient temperature Tamb are stochastic [17]. 
3. Description of method 
     In Fig 1 an overview of the methodology used in this work is presented. It comprises three steps: 
x Step1: module temperature determination. 
x Step2: standardization of measurements (Iscm, Vocm) and calculating of Pmax,stc  in STC. 
x Step3: evaluation of degradation characteristics of the module (Isc, Voc and Pmax). 
The blocks Temp_Mod, Standard_Data and Degradation_Eval respectively carry out the three steps of the 











Fig. 1. Overview of method. 
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3.1. Module temperature determination 
Block Temp_mod gives the module temperature from the radiation and measured ambient 
temperature in real conditions Time keeping. It uses the relationship of Kenny [15] given by Eq. 4. 
In Fig 2 are plotted the evolution of radiation, ambient temperature and module temperature obtained 
from relationship of Kenny and daily measurements of the ambient temperature and radiation. 
 
        Fig. 2. Daily variation of radiation G, ambient temperature Tamb and module temperature Tmod. 
3.2. Measurements standardization 
Measured Short-circuit Iscm and measured open-circuit voltage Vocm in real operation are corrected to 
find their equivalents in standard test conditions (STC). From field measurements, it is possible to retrieve 
the standard value on standard test conditions (STC) characterized by a radiation of 1000 W.m-2 and 
temperature 25°C. Indeed, standard NF EN 60891: 1995-02 [18] in use for correction procedures 
depending on temperature and irradiance applying to measured current-voltage characteristics of silicon 
photovoltaic modules, gives general relations of correction equations (5) and (6). 
ܫ௦ ൌ  ܫ௠ ൅ ܫ௦௖௠ ቀଵ଴଴଴ீ െ ͳቁ ൅ ߙܵ൫ ௥ܶ௘௙ െ ௠ܶ௢ௗ൯                                                                                         (5) 
௦ܸ ൌ ௠ܸ െ ܴ௦ሺܫ௦ െ ܫ௠ሻ െ ܭܫ௦൫ ௥ܶ௘௙ െ ௠ܶ௢ௗ൯ ൅ ߚܰሺ ௥ܶ௘௙ െ ௠ܶ௢ௗሻ                                                             (6) 
Where, Is represents the measured current which is standardized, Im is the measured current, Vs is the 
measured voltage which is standardized and Vm is the measured voltage. 
In open circuit, curvature coefficient K which takes into account a loss of additional voltage near the 
elbow of the characteristic (current-voltage) is not considered [19]. Thus, the relationship corrective of 
measured short-circuit current and open-circuit voltage are given by equations (7) and (8). They are used 
in the block Standard_Data in Fig 1. 
ܫ௦௖ǡ௦௧௖ ൌ ܫ௦௖௠ ቀଵ଴଴଴ீ ቁ ൅ ߙܵ൫ ௥ܶ௘௙ െ ௠ܶ௢ௗ൯                                                                                                    (7) 
௢ܸ௖ǡ௦௧௖ ൌ ௢ܸ௖௠ ൅ ߚܰሺ ௥ܶ௘௙ െ ௠ܶ௢ௗሻ                                                                                                             (8) 
Equations (7) and (8) are used by Standard_Data standardization block (Fig. 1) to correct the measured 
short-circuit current and open-circuit voltage respectively Iscm and Vocm to their equivalent in standard test 
 Ababacar Ndiaye et al. /  Energy Procedia  36 ( 2013 )  1222 – 1231 1227
conditions (STC) Isc,stc and Voc,stc. These standard measurements are used for degradation evaluation of 
short-circuit current and open-circuit voltage. 
Based on Eq. 3, the maximum power-output in the standard test conditions (Pmax,stc) is given by: 
௠ܲ௔௫ǡ௦௧௖ ൌ ௢ܸ௖ǡ௦௧௖Ǥ ܫ௦௖ǡ௦௧௖Ǥ ܨܨ                                                                                                                        (9) 
3.3. Degradation evaluation of Isc, Voc and Pmax 
Degradation evaluation of short-circuit current (Isc), open-circuit voltage (Voc) and maximum power-
output (Pmax) of PV module is handled by Degradtion_Eval block in Fig 1. For each parameter, the 
measured value and standardized is compared to the reference values given by the manufacturer's data of 
photovoltaic module. The difference in percentage represents degradation of the considered parameter. 
Degradation of short-circuit current (ΔIsc), open-circuit voltage (ΔVoc) and maximum power-output 
(ΔPmax) are given respectively by the following equations: 
οܫ௦௖ሺΨሻ ൌ ூೞ೎೔ିூೞ೎ǡೞ೟೎ூೞ೎೔ ܺͳͲͲ                                                                                                                    (10) 
ο ௢ܸ௖ሺΨሻ ൌ ௏೚೎೔ି௏೚೎ǡೞ೟೎௏೚೎೔ ܺͳͲͲ                                                                                                                      (11) 
߂ ௠ܲ௔௫ሺΨሻ ൌ ௉೘ೌೣ೔ି௉೘ೌೣǡೞ೟೎௉೘ೌೣ೔ ܺͳͲͲ                                                                                                            (12) 
4. Application of the developed method 
4.1. Presentation of application site 
In this work, a measurement platform is implemented to identify and assess the PV module 
degradation. The platform is installed at Higher Polytechnic School (ESP) of the Dakar University in 
Senegal and has been working for one year. 
Dakar is located between 17.28° West longitude and 14.43° North latitude to an altitude of 31 meters. 
Senegal is located on extreme western Africa between 12.5° and 16.5° north latitude and 12° and 17° 
west longitude. It presents a dry tropical climate characterized by two seasons: a dry season from 
November to June and a rainy season from July to October. Senegal has a significant solar potential with 
an annual average sunshine duration of about 3000 hours and an exposure rate of 5.7 KWh/m2/d. This 
radiation varies between the northern sunniest part (5.8 kWh/m2/d in Dakar) and the southern part richest 
in rainfall (4.3 kWh/m2/d in Ziguinchor) [20]. The temperature varies from 16 °C around Dakar (January) 
to 38 °C in the south (October). The rainfall decreases from north to south with an annual average of 300 
mm in the extreme north and 1500 mm in the extreme south. The relative humidity varies between 75% 
and 95%. The next section is devoted to the platform presentation and its various elements. 
4.2. Presentation of platform components 
The platform is composed of monocrystalline PV module, thermo-hygrometer, pyranometer, shunt 
resistance, data logger and PC.  
Photovoltaic module is installed with a tilt angle of 14° and facing south. The technical specifications of 
modules are given in Table 1. 
- Sensor of ambient temperature  
A Thermo-hygrometer of type KH-200 DN is used to measure ambient temperature and relative humidity. 
It includes a data acquisition system controlled by software KILOG [21]. Ambient temperature and 
relative humidity are measured simultaneously every minute. 
- Radiation Sensor 
The radiation sensor used for measuring global radiation which reaches the PV module surface is a Kipp 
& Zonen CM11 pyranometer. It is placed at the same level as the PV module [22]. 
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- Data acquisition 
Measurements are carried out with a data logger of type Agilent 39970A. The platform is performed 
around a PC with the following features: Pentium Dual-Core 2.6 GHz 32-bit, 2 GB of RAM and 50 GB 
Hard Disk. The platform of measurements is piloted by the Agilent BenchLink Data Logger. 
Measurements parameters (radiation, ambient temperature, module temperature, short-circuit current and 
open-circuit voltage) are performed every minute continuously. 
Table 1. Technical specifications of PV module 
Parameters                                                                                  Values                                                                                             Units 
Nominal Peak power (Pc)                                                              30                                                                                                Watts 
Short-circuit current (ISc)                                                            2.24                                                                                                Amps 
Open-circuit voltage (Voc)                                                        22.50                                                                                                 Volts 
Series resistance (Rs)                                                                  1.74                                                                                                Ohms 
PV cell surface (S)                                                                         49                                                                                                   cm2 
Cells number (N)                                                                           36                                                                                                     -   
Fill Factor (FF)                                                                           0.72                                                                                                     - 
5. Results and discussion 
5.1. Standardization of measurements 
  Measurements obtained from the platform are carried out under real conditions which are very 
dependent on environmental conditions. Environmental parameters are highly variable depending on the 
season and time. For making comparative studies of measurements, they must be performed in the same 
conditions. The proposed method consists in bringing the real measurements in the standard test 
conditions from the proposed method in section 3 and implemented in Standard_Data block in Fig 1. 
Standardized measurements of short-circuit current, open-circuit voltage and maximum power-output 
measured on one day after one operation year of the PV module are presented in Fig 3, 4 and 5. 
 
 
Fig. 3. Comparison (a) and Correlation (b) between measured and standardized Short-Circuit Current (Isc).  
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Fig. 5. Comparison (a) and Correlation (b) between measured and standardized Maximum Power-Output 
(Pmax). 
 
In Fig 3a is shown clearly that the standardized short-circuit current remains almost constant during the 
daylight despite the variation according to radiation of measured short-circuit current. This is confirmed 
by Fig 3b which shows the correlation between the measured and standardized short-circuit current. 
Standardized open-circuit voltage remains constant during the daylight between sunrise and sunset as for 
the direct measurement; this is clearly shown in Fig 4a and confirmed by the correlation between 
measured open-circuit voltage and standardized open-circuit voltage in Fig 4b. 
We also note in Fig 5a that the standardized maximum power-output remains constant during the daylight 
despite the variation according to radiation of measured maximum power-output as shown in Fig 5b 
giving the correlation between the measured maximum power-output and standardized maximum power-
output. 
 
These results are used to assess degradation of short-circuit current, open-circuit voltage and maximum 
power-output. 
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5.2. Degradation assessment   
In Fig 6 is presented degradation of short-circuit current, open-circuit voltage and maximum power-
output of PV module after one operation year at the site of Dakar University. These results are derived 
from the platform measurements and investigation method proposed in section 3. Degradation of short-
circuit current in Figure is about 10%. The values outside the range between 9:00 am and 5:00 pm are not 
interesting because during this period the module does not produce. Realini gives 6% to 13% degradation 
of short-circuit current below the nominal value when PV module is attained by discoloration 
phenomenon [23]. 
During the day between 9:00 am and 5:00 pm corresponding to the productive period of PV module; 
degradation of open-circuit voltage is about 2% in average. In [23], it is argued that almost no degradation 
of open-circuit voltage of PV module crystalline silicon occurs after ten operation years. 
Concerning the maximum output-power no degradation is detected from Fig 6. 
 
 
Fig. 6. Degradation of short-circuit current (ΔIsc), open-circuit voltage (ΔVoc) and maximum power-
output (ΔPmax) after one operation year of the PV module. 
6. Conclusion 
Models of the main electrical characteristics for estimating the PV module performance are presented. 
The methods for standardization measurement and the assessment of the degradation of short-circuit 
current, open-circuit voltage and maximum output-power are developed. The Data provided the 
photovoltaic platform installed one year ago at the site of Dakar University are used to apply the method 
proposed. The first results after one operation year of photovoltaic module are: 
x Degradation of short-circuit current is about 10%. 
x Degradation of open-circuit voltage is 2% in average. 
x No degradation of maximum output-power is yet detected at this stage. 
However, it is still difficult to assess quantitatively these first results on PV module degradation. Indeed, 
it is still rare to find research work that clearly gives values about the degradation of PV module electrical 
characteristics. 
In prospect, such a study may require a long operation period of the platform in order to obtain a more 
meaningful database. It will quantify the degradation of PV module electrical characteristics over a longer 
period and in different seasons. 
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